INTRODUCTION
Chromosomal replicases are multiprotein assemblies that polymerize thousands of nucleotides without dissociating from DNA. In three well characterized systems (E.coli, eukaryotes and bacteriophage-T4) this remarkable processivity is achieved by a ring-shaped protein ('sliding clamp') that encircles DNA and anchm the~polyrnerase to the template (reviewed in 1,2). The sliding clamp is assembled on DNA by a multiprotein 'clamp loader' apparatus that recognizes a primer terminus and couples ATP hydrolysis to assemble the clamp around DNA (3). In eukaryotes the clamp loader is the 5-subunit RF-C complex (also known as activator-1) and the sliding clamp is the PCNA protein which confers processivity to DNA polymerase 6 (Pol 6). The clamp loader of the prokaryotic DNA polymerase 111 holoenzyme (Pol 111) is the 5-subunit y-complex and the clamp is the P subunit.
In the T4 system the clamp loader is the gene 44/62 protein complex (g44162p) and the clamp is the product of gene 45.
The first indication of the processivity factor's circular shape came from the observation that the p subunit was tightly fastened to circular DNA but easily dissociated from linear DNA, suggesting that P slides off the ends of DNA (4). This hypothesis was enforced by the observation that the exit of p from linear DNA was blocked by proteins bound near the ends of the DNA.
The three dimensional structure of the E.coli P subunit showed it to be a dimer in the shape of a ring with a central cavity large enough to accommodate duplex DNA (5) (Fig. 1) .
The sliding clamp in the T4 system has been observed on DNA by cryoelecuon microscopy (6). The clamps not only appeared to encircle the DNA, but their appearance also indicated that they may slide along the DNA. These clamps are presumably gene 45 protein trimers encircling the DNA in a fashion similar to that of the p dimer. Using a linear template it was shown that gene 45 protein can support processive replication in the absence of the clamp loader (7) and that the T4 sliding clamp consists solely of gene 45 protein (8) . Interestingly, the gene 45 protein can assemble on a circular template in the absence of the clamp loader, provided a macromolecular crowding agent is present (9).
Evidence for the topological binding of PCNA to DNA came from the observation that PCNA alone can support replication by Pol 6, in the absence of RF-C complex, only when the DNA is linear and has a double-stranded end (10). This result suggests that PCNA can slide along duplex DNA until it reaches the 3' terminus where it interacts with the polymerase to initiate processive replication. Supporting evidence for PCNA sliding along duplex DNA comes from photocrosslinlung experiments in which PCNA can be crosslinked to DNA following assembly around DNA (1 1). However, crosslinking of PCNA to DNA is not observed upon linearization of the duplex (11). Furthermore, using tritiated human PCNA it has been demonstrated that the pretejn can b e I a e d nicked cbcularDNP,but upon -linearization of the DNA it slides off the ends, similar to the E.coli p subunit (N. Yao, Z. Kelman and M. O'Donnell, unpublished) .
Proof that PCNA and P are structurally similar was obtained upon solution of the three dimensional structure of the yeast Saccharomyces cerevisiae PCNA which showed it to be a trimer with an overall shape very similar to that of E.coli P (12) (Fig. 1) .
The sliding clamps (P and PCNA) have a 6-fold appearance, yet they are not hexamers. In P the dfold appearance results from three globular domains which comprise each monomer, while in PCNA each monomer contains two domains. In both prokaryotes and eukaryotes the topological chain fold of each domain is comprised of two a helices supported by eight antiparallel P sheets (nine in PCNA). The domains have the same polypeptide chain fold and are nearly superimposable in three dimensions yet share no significant homology ($12). The sheet structure is continuous all around the perimeter of the ring and the a helices that line the central cavity are oriented perpendicular to the phosphate backbone of the DNA.
Here we describe the diverse roles played by sliding clamps in nucleic acid metabolism. Also, in an attempt to derive additional insight into the relationship of structure and function in prokaryotic and eukaryotic sliding clamps, the amino acid sequences of several 0 and PCNA proteins from different organisms have been aligned.
Structural features of the sliding clamp
The three features of the clamp structure that directly relate to its function are: (i) the central cavity where the DNA is located; (ii) the interface between monomers where the protein is opened for loading onto DNA; and (iii) the surface on the ring that interacts with other subunits of the polymerase and with other cellular components. To gain additional insight into the residues important for function, we aligned the amino acid sequences of 11 full or partial prokaryotic P subunits (Fig. 2 ) and 13 PCNAs (Fig. 3) .
These sequences were obtained from the databases by searching for known DNA sequences of d m N , the gene that encodes P and genes known to encode for PCNA. To date, only the E.coli P and PCNA of yeast and human have been shown functionally to act as DNA sliding clamps.
The P sequences in Figure 2 are split into three parts which correspond to the three globular domains. The sequences in Figure 3 are divided into the two domains of PCNA. Glu and Asp are colored red and Lys and Arg are blue to display more clearly the distribution of charged residues within the protein. The alignments were made such that no gaps were introduced between elements of secondary structure and that even though these proteins have high net negative charges, the residues aligning with the a helices of the central cavity have a net positive charge.
These alignments generally follow a third criteria, that positions corresponding to the hydrophobic amino acid residues (Phe, Leu, Ile, Met, Val or Ala) in E.coli P and yeast PCNA that are inaccessible to water, are also occupied by hydrophobic residues.
The central cavity
In general these clamps are acidic proteins (Tables 1 and 2 ). The pI of the PCNAs are slightly lower then the pIs of 0 subunits and gene 45 protein has an intermediate pI (PI = 4.8). The distribution of charges on the ring is asymmetric. The outer surface has a strong negative electrostatic potential and the inside of the central cavity has a net positive electrostatic potential. Hence, these clamps would be repelled by DNA, but after assembly onto DNA, the ring may even interact favorably with it. A possible function of the negative outside surface may be to increase the specificity of assembly on DNA by preventing the ring from associating with DNA by itself, thus constraining it to enlist the help of the clamp loader and ATP. Alternatively, the negative surface may help destabilize local interaction with DNA. A notable exception to this rule is the p subunit from B.aphidicola with a p1 of 9.0. Hence, providing this P subunit functions like P of E.coli, an overall acidic charge would appear not to be essential to clamp function.
Both P and PCNA have 12 a helices in the central cavity all of which are perpendicular to the DNA. The a helices are long enough to span the major and minor grooves and thus may act as molecular crossbars to prevent the clamp from entering the grooves of DNA during sliding. The a helices have an overall positive potential as a consequence of eight (PCNA) or 12 (P) Lys or Arg residues within the ring. However, there is at least one acidic amino acid (Asp or Glu) in every a helix of P, and in six out of the 12 a helices in PCNA. These negatively charged residues may be needed for a balance to prevent the local interaction between the clamp and DNA. Although the overall structure of the rings are similar, tFe central cavity in p (35 A) is larger than the one in PCNA (34 A) and has a slightly more oval shape (Fig. 1) .
The dimer interface
The interfaces between the protomers of P and PCNA are formed by P sheet. The P sheet is part of the continuous layer of sheet structure on the outside of these rings. Three interactions may contribute to stabilization of the interface: (i) hydrogen bonds between the fl sheets; (ii) a small hydrophobic core; and (iii) putative ion pairs. In the following sections the amino acids that contribute to the formation of the interface close to the N-terminus will be referred to as the 'head interface' and those near the C-terminus will be referred to as the 'tail interface' (Fig. 4) . Figure 2 . s e q m e a l l g M n t of P subun~ts from d~fferent prokaryotes. The protelns are ahgned to show maximum s~milanty with protems d~rectly above and below. ldent~cal res~dues between ne~ghbonng protelns have a vertical dash Gaps were Introduced to maxim~ze homology. The sequences are spl~t Into three parts wh~ch correspond to the three globular domatns of the E.colr P subun~t The Glu and Asp residues are shown in red and the Lys and Arg res~dues are blue. To the nght are the ammo ac~d numbers at the end of each dorna~n of the E.colr P. The secondary structures correspond~ng to E.coli Pare md~cated above each domain. Amino ac~ds that are conserved In all specles are ~nd~cated In the bottom row of each domam. The sequences are from the follow~ng references: Buchnera aphidrcola [BUCAP (24) Hydrogen bonds. Hydrogen bonds between the two antiparallel p sheets may contribute to stabilization of theinterface in both p and PCNA. The difference, however, is that within the PCNA interface there are eight potential hydrogen bonds between the sheets compared to only four in the P subunit. Perhaps the greater entropic force against stable association of a trirner versus a dimer requires more interactions among the interfaces of the protorners.
Hydrophobic forces. Hydrophobic interactions may also be important in the strength of the interface. The PCNA interface contains four pairs of hydrophobic amino acids which form a hydrophobic core (Fig. 4) . In P, however, the interface hydrophobic core consists of only two pairs of hydrophobic residues (Fig. 4) . This may suggest that hydrophobic interactions play an important role in the stabilization of a trimeric structure and again support the notion that more interactions are needed to stabilize a trimer relative to a dher, In p the two hydrophobic pairs are: Phelo6 to and Leu 10s to Ile272 [(5); Fig. 41 . The position of the four hydrophobic residues of the interface have been highly conserved in all the bacterial species examined (Fig. 2) . For example, Phelo6 and Leu 10s have been conserved in every species except B.aphidicola (Phe is changed to Tyr) and M.capricolum (Leu is changed to Ile). The Ile272 and L e~2~~ are conserved, though not identical and are replaced by either LeuVal or LeuLeu.
In PCNA the four hydrophobic pairs are: Ile78 to Alal 12 to Vallso, Tyrl l4 to Ilelsl and Leul to Ilelg2 (12). The eight hydrophobic residues in PCNA are not as conserved as in the prokaryotes. In the head interface the four hydrophobic amino acids in different species range from being identical to those in Scerevisiae or have been replaced by other hydrophobic amino acids. In the tail interface the picture is more complex. In all species the hydrophobic residue at position 154 is conserved (either Leu, Ile or Phe). However, in several species the amino acids in the triplet ValIleIle (residues 180-183) (Fig. 3) are replaced by either polar amino acids (Thr or Cys) or even a charged residue (Lys) in mammalian and D.rnelanogaster PCNAs (Fig 3) .
Ion pairs.
Ionic interactions between amino acids with opposing charges may also contribute to the stability of the interface. There are six putative ion pairs in the interface of E.coli 0, but only one in yeast PCNA (Fig. 4) . Interestingly, this is the opposite situation than that of the putative hydrophobic forces in the interface where there are four pairs of hydrophobic amino acids in PCNA and only two in P. This suggests that ion pairs may play a significant role in the strength of the interface in prokaryotic clamps.
In the primary sequence of the 0 subunit, the tail interface is the most tightly focused region of negative charge; five of seven residues are glutarnates (residues 298-304; Figs 2 and 4). The putative tail interfaces of the other bacterial species also show this focused region of negative charge. Conversely, the head interface contains the positively charged partners, but these residues are scattered over a longer region.
The P sequences from other bacteria each have residues in positions that correspond to at least three of the ion pairs of E.coli B and they have additional charged residues in their interface region which could possibly form other ion pairs. The only putative ion pair conserved among all prokaryotes studied is the Ly~~~-Glu29g pair. The Arg105-Glu301 pair is reversed in B.subtilis ( G l~~0~-L y s 3 0~) .
Residues corresponding to the buried Argg6-Glu300 of E.coli P is present in all the species exceDt for B.subtilis where both members of the pair are missing, suggesting intolerance at burying a lone member of this pair. In PCNA from all 13 species studied, there is an Asp at position 150 and either an Arg or Lys at position 110. Amino acids that form the sheet structure at the dimer interface are underlined. Lines drawn between resides of the two interfaces indicate putative interactions which stabilize the structure. The N-terminal domam interface (head interface) is shown above the C-terminal domain interface (tail interface). Only P subunits for which the entire sequence is known are I~sted. Only PCNA for which the entire sequence is known are listed. The evolutionary conservation of charged pairs in these interfaces suggest they are important to the function of the clamps. The most obvious role is to stabilize the dimer interface. However, it is possible that the need to exclude water from the buried charges could require energy and thus destabilize the interface, adding to a balance between stability and instability in this region that may be needed to open and close the interface. Another possible role for charged residues at the interface derives from the high degree of symmetry in the ring. Computer modeling of a head to head P dimer results in a ring which looks like the head to tail ring, having tight interfaces with an antiparallel sheet as in the head to tail interface. Therefore, another possible function of the charged residues may be to provide specificity to form the head to tail dimer rather than the head to head dimer.
The interface may be a 'busy' region of protein interaction as this is the site at which work may be performed by the clamp loader to open and close the ring. Hence, another possible role of the charged residues at the interface may be to function in the recognition of other subunits of the polymerase. Also, if the polymerase (or another subunit) were to bind the clamp by spanning the interface it could act as a brace to further stabilize the interface thereby increasing the stability of the clamp on DNA and leading to greater processivity.
Sliding clamp interactions with other proteins
The sliding clamps must interact with at least two components of their corresponding DNA polymerase holoenzyme, the clamp loader and the DNA polymerase. However, these sliding clamps also interact with cellular components involved in other processes (Table 3 ). In the T4 system, gene 45 protein interacts with RNA polymerase to activate late gene transcription (13). Similarly, the PCNA homologue from the baculovirus AcNPV is important for late gene transcription (14). Beside its interactions with Pol 111 holoenzyme, the P subunit also interacts with DNA polymerase I1 an enzyme implicated in DNA repair. Human PCNA interacts with D-type cyclins (15), the cell cycle dependent kinase (CDK) inhibitor p21 (16, 17) and the DNA damage induced gene, Gadd45 (18) ( Table 3) . In vitro replication studies have shown that the binding of p21 to PCNA inhibits replication (16, 17) . Gadd45, like p21, is induced by p53 upon DNAdamage, presumably to block DNA replication. Consistent with this notion both p21 (16,17) and Gadd45 (Jerard Hurwitz, pers. comm.) have been shown to complex (19), suggest that this region in PCNA may be inhibit DNA replication in vitro.
responsible for interaction with RF-C andlor with Pol 6. The sequences of the different P subunits in Figure 2 are much more divergent than the PCNA genes in Figure 3 , due to the greater evolutionary distance between the prokaryotic organisms relative to the eukaryotes. Hence, identical residues in the P subunits from all species may be expected to be functionally important. Among the P subunits analyzed only 15 residues are identical in all species (Fig. 2) . These conserved amino acids are either in loops or in the a helices lining the central cavity (Fig. 5) .
Interestingly, the conserved amino acids on the loops are all on only one face of the ring. The conserved residues are good candidates for interactions with other proteins. Consistent with this, the C-termini of p which protrude from this face have been shown to be a touch point for interaction of p with both the clamp loader and the DNA polymerase, consistent with the recognition of p by both the polymerase and the clamp loader (V. Naktinis and
The C-terminal amino acids of the E.coli P subunit are important in the binding of both theycomplex and the polymerase (V. Naktinis and M. O'Donnell, unpublished observation).
Examination of the C-terminus of PCNA shows a notable high negative charge. In all species there are 3-6 Glu or Asp residues adjacent to the C-terminus (Fig. 3) . The three dimensional structure of the yeast PCNA shows that the three acidic amino acids form a 'hook' with the side chains pointing to the solvent (12). This highly acidic region is unique-to PCNA and is not present in f! or gene 45 protein.
It is tempting to speculate that the acidic C-terminus of PCNA, lacking in P, may be involved in interaction with cellular regulators. In the region preceding the acidic C-terminus of PCNA there are several sequence similarities to p. In all PCNAs, there is a conserved Lys before the GluIAsp stretch and in all P subunits there is a positively charged amino acid in the C-terminus (Fig.   2 ). Additionally, both PCNA and P have a hydrophobic residue (Ile or Leu) following the positively charged amino acid and both have one Pro within the terminal four amino acids. The amino acid sequence similarities at the C-terminal region of both P and PCNA, together with the observation that the subunits of the E.coli y complex share sequence similarities with the RF-C All of the prokaryotic dnaN genes examined here encode proteins of approximately the same size (length of 365-378 residues; A trimeric ring composed of three protomers may not be as stable as a ring composed of two protomers, having a greater probability for protomer disassembly and a lower probability for three monomers to associate relative to only two. It is conceivable that a less stable ring is used to an advantage during the replication of the lagging strand. The lagging strand is synthesized as a series of fragments. Although the clamps exist in excess over the polymerase inside the cell, there are not enough clamps to provide one for each Okazaki fragment. Hence, the clamps must be recycled. The P subunit is very stable on DNA and a clamp unloading activity was identified to maintain a pool of available clamps within the cell (20). A less stable clamp on DNA may dissociate more easily from the DNA when the polymerase abandons it and thus a specific unloading mechanism may not be needed to maintain an intracellular pool of clamps.
It appears that both prokaryotes and eukaryotes make use of both type of rings, those composed of a trimer and those composed of a dimer. In the case of Ecoli, it was recently demonstrated that a shorter version of f 3 (called P*) is induced upon exposure of cells to UV light. P* is expressed from an internal promoter within the dnuN gene. This P* is comprised of the C-terminal U3 of normal p and hence each monomer contains two domains instead of three. Characterization of P* showed it behaves as a trimer on gel-filtration, presumably forming a 6-domain ring and it stirnulates DNA synthesis by PollLI (Z. Livneh, pers. comrn.).
A possible dirneri~ ring in ~LI-karyotes was-observed in an --embryonic form of PCNA from D.carrota (21) . Two distinct PCNA genes were isolated from D.carrota; one encodes a PCNA of typical length for a trimer (264 residues, 29.2 kDa) and the other encodes a larger protein of 365 amino acids (40.1 kDa). This is the size of a typical prokaryotic dnaN gene suggesting that the embryonic long form of PCNA may act as a dimer. Further, during oogenesis of the amphibian, Xenopus laevis, the presence of a 43 kDa protein that cross-reacts with anti-PCNA antibodies correlates with production of two differently sized transcripts (22) . Thus it appears that eukaryotes and prokaryotes alike may utilize rings made of dimers and trimers. Speculation as to why the chromosomal replicase of prokaryotes use the dimer form of
